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Abstract 
In road network traffic operations and management, travel time is a widely used performance indicator playing a significant role 
in transportation systems modeling. Link cost functions explain the behavior of traffic variables (travel time in particular) over 
the full range of road traffic conditions (in particular flow rate). Travel time estimation is a very interesting topic in traffic 
analysis activity. Estimating travel time using field data from existing devices or measurement procedures (such as inductive loop 
sensors, license plate recognition systems, etc.) is attractive. However relatively few works have been done on practical aspects 
of estimating link performance functions from field data; in fact, usually paired travel time-flow data is both difficult and 
expensive to obtain. This paper considers the estimation of link travel time functions from data collected by experiments in a 
driving simulator and proposes a comparison with the link travel time functions estimated using loop detector data. The study is 
motivated because many research activities have demonstrated that driving simulators are good tools to improve the driving 
behavior knowledge, suitable alternatives to field studies for instance to analyze drivers’ behavior with reference to situations 
where detection and control of the descriptive variables (measurements under controlled traffic conditions) are very difficult to 
make. The analysis context was a road segment belonging to a rural two-way two-lane road.  The experiments have been 
conducted at the Transportation Laboratory of the Department of Structural and Transportation Engineering (University of 
Padova) using STSoftware® five-screen configuration driving simulator. The results obtained appear interesting and confirm as 
driving simulator can be used in order to develop deeper analysis of road network performance. 
Keywords: driving simulator, link travel time function 
1. Introduction 
In road network traffic operations and management, travel time is a widely used performance indicator playing a 
significant role in transportation systems modeling (Boyce et al. (1981), Taylor (1984), Hurdle and Solomon 
(1986)).  
Link cost functions explain the behavior of traffic variables (travel time in particular) over the full range of road 
traffic conditions (in particular flow rate). Travel time estimation is a very interesting topic in traffic analysis 
activity. Estimating travel time using field data from existing devices or measurement procedures (such as inductive 
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loop sensors, license plate recognition systems, etc.) is attractive. However relatively few works have been done on 
practical aspects of estimating link performance functions from field data; in fact, usually paired travel time-flow 
data is both difficult and expensive to get (Hazelton and Puseschel, 1999). In order to calibrate/estimate these 
functions (to define specific function parameter values) the field data collected must cover the full range of 
operational conditions that the link cost functions are intended to cover. How to estimate function parameters 
becomes an important practical problem when there is a significant lack of information (for example data useful to 
identify link capacity). On the other hand, the efforts made by the analysts in the improvement of transport models 
realism and sophistication could be pointless when travel time-flow functions imprecise and unrealistic are 
introduced.  
In general terms link performance function describes the relation between flow and generalized cost related to  
traveling on a link. In this paper, in accordance with other works reported in literature, our attention will be focused 
on the relation between flow and travel time. There are several works (Branston, 1976; Hurdle and Solomon, 1986; 
Hall and Banks, 1986) focused on two primary subjects related to travel time-flow functions:  the reasonableness of 
the functions shape and the difficulties to collect data useful for estimating these functions. In this sense the authors 
remarked how the presence both of queues and of non-uniform flows along the link make the corresponding 
observed data hard to use in calibration processes.     
Travel time estimation depends on input data used; in fact, the characteristics of these input data vary as a 
consequence of the used survey methods, such as, inductive loop detectors, probe vehicles, license plates 
recognition/matching, GPS and aerial survey. The more suitable of them uses inductive loops data to estimate space-
mean-speed starting from the corresponding time-mean-speed; this estimation needs the knowledge of the variance 
of the space-speed (Wardrop, 1952) that, as known, is very difficult to know (Han et al., 2009). The other methods 
are often very expensive and difficult to apply to wide-ranging analysis. 
Many research activities have demonstrated that driving simulators are good tools to improve the driving 
behavior knowledge, suitable alternatives to field studies for instance to analyze drivers’ behavior with reference to 
situations where detection and control of the descriptive variables (measurements under controlled traffic 
conditions) are very difficult to make (Rossi et al., 2011). 
On the other hand, driving simulators have several operational advantages: cost-effectiveness, safety, efficiency, 
experimental control and data collection ease.  
Starting from these considerations, the main goal of this work was to collect data useful for link travel time 
functions calibration using a driving simulator experiment. The sub-goal were: 
x to test the driving simulator ability to well represent a real situation (through a comparison between observed and 
simulated travel times); 
x to analyze, using driving simulator, the effects of some not easily detectable traffic operational conditions, on link 
travel times (to cover/identify the full speed(time)-flow curves). 
The analysis context was a road segment belonging to  rural two-way two-lane road placed in Northern Italy 
The experiments have been conducted at the Transportation Laboratory of the Department of Structural and 
Transportation Engineering (University of Padova) using STSoftware® five-screen configuration driving simulator. 
The results obtained appear interesting and confirm as driving simulator can be used in representing drivers’ 
behavior in different situations in order to develop deeper analysis of road network performance. 
The paper is organized as follows: in the first part, we present a brief review of studies related to the use of traffic 
data to estimate roadway performance measures. In the second part we describe the experiment methodology and 
the data collection, the data set characteristics and preliminary results and limitations of the experiments with 
reference to estimation of road link travel time functions using a driving simulator. In the last part, some conclusions 
and directions for further research are presented. 
2. Related works  
This section is dedicated to an overview on previous studies regarding estimation and prediction of link cost 
functions. 
In particular we refer to studies where point sensor data have been used to estimate and predict various 
performance measures. These studies started in the 1970s (Gipps, 1977) and successively have been extended using 
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different mathematical approaches, such as Bayesian Theorem (Park and Lee, 2004) and neural network models 
(Liu et al., 2007).     
Liu et al. (2007) in accordance with previous study (Sisiopiku and Rouphail, 1994) highlighted some of the 
general limitations of the proposed models estimated using loop detector data; in particular they refer to models poor 
transferability, inability to include effects of movement type on travel time together with a lack in models validation 
by fields observations. In Zhang and Kwon (1997) the reader can find a review of similar models related to urban 
road performance measures. 
In order to overcome the weakness in the current methodologies, in this work we introduce the use of data 
coming from experiments with a driving simulator to estimate and predict link travel time.  
3. Methodology  
The study was carried out in order to verify if the link travel time functions estimated on a rural road, built in 
virtual reality, are similar to those estimated using data coming from the corresponding real road observations. 
In the following sections, we describe in detail the case-study in order to illustrate collected data and the methods 
by which we derived information from the data.  
The analysis has been developed following three steps: 
x direct observation, collection and coding of data at a real road (field observations); 
x development of the virtual scenario using the STSoftware® driving simulator and execution of driving tests; 
x validation test (estimation of link travel time functions using field data and simulator data). 
3.1. Field traffic data analysis 
This section is dedicated to the estimation of link travel time functions from data collected on a road two-lane 
two-way segment belonging to the rural road network of the Province of Venice. 
In the following sections a brief description about the characteristics of the analyzed segment, the survey method, 
the data analysis and results comprehension is done.   
3.1.1. Characteristics of the analyzed segment 
Starting from the information available at the Transportation Information System of the Province of Venice and 
in particular from the traffic monitoring system, the identification of a representative (in terms of geometric and 
operational characteristics) rural road segment has been done. This segment belongs to the rural roads class placed 
in extra-urban area having not significant seasonal traffic pattern variations. In Figure 1 the characteristics of the 
analyzed segment are summarized. 
3.1.2. Survey method 
The field data used in our analysis came from a continuous survey carried out by the Traffic Monitoring system 
of the Province of Venice. In particular we refer to a loop detector placed at a middle section of the analyzed 
segment.   
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Cross section characteristics 
Lane width (m) 3.60 
Shoulder width (m) 0.10 
Segment characteristics 
Name SP81 
Type Two-way two-lane 
Location Rural 
Lenght (m) 593.00 
 
Figure 1 SP81. Location and characteristics of the analyzed road segment. 
3.1.3. Characteristics of the collected traffic data 
The traffic flow observation at a certain point (section) of the segment can be useful in describing the traffic flow 
characteristics of the entire segments only if we accept the hypothesis that the segment is homogeneous (in 
geometric and functional terms) and, on the segment and for a certain time interval, there are stationary conditions 
(constant traffic volume regardless of the section and time independent traffic density). In our case the functional 
and geometric characteristics are homogeneous along the segment considered. Otherwise, we assume that, with 
reference to time sub-interval five minutes long, stationary flow condition could be presumable. 
In this circumstances it is admissible to estimate space-mean-speed as the harmonic average of the vehicular 
speed recorded at the section (using loop detector, for instance) during the observation time period (5 minutes long 
sub-interval). 
The estimated space-mean-speed values have been used to calculate the corresponding travel time; in particular, 
travel time has been normalized to a segment one kilometer long. 
Traffic flow rate has been computed considering suitable factors (1.5 pce for van and 2.0 pce for truck). 
The data refers to two 12 hours day-time intervals (7.00 a.m.-7.00 p.m.); a total of 288 five minutes long sub-
interval has been used in the analysis. 
3.1.4. Field traffic data analysis 
The set of pairs flow rate/mean-space-speed has been estimated using each of the sub intervals and then 
represented in the plan (Q, Vs); in Figure 2 the corresponding diagram is shown together with the diagram (Q, Tt) 
where the travel time Tt is computed with reference to an equivalent segment one kilometer long. 
The observed traffic variables cover a range of values from 0 to 1,000 pce/direction/hour; in this range traffic 
conditions are free or at most impeded-free. Meta-stable or instable conditions were not observed. This findings 
agreed with our experience about this kind of roads where, usually, capacity values are around 1,300 
pce/direction/hour.    
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[a] [b] 
Figure 2 Loop detector observations: space-mean-speed – flow rate [a] and travel time – flow rate pairs [b].  
3.2. Driving simulator experiment design 
Starting from the consideration about the incomplete coverage of the experimental data (see section 3.1.4) we 
have drawn a driving simulator experiment with the following aims: 
x to validate the driving simulator capability to well represent in a virtual scenario the observed traffic conditions 
on the analyzed road segment; 
x to perform experiment with reference to not observed traffic conditions, in particular to cover the range 1,000-
1,300 pce/direction/hour (meta-stable conditions). 
The first goal has to be considered as the primary objective of the research and it appears influencing any other 
results coming from the driving simulators experiments in the analyzed context.  
The simulation system used is a fixed-base driving simulator produced by STSoftware®. It includes a realistic 
cockpit, three networked computers, five high definition screens; the system is also equipped with a Dolby 
Surround® sound system: this simulator configuration allows to produce realistic virtual views of the road network 
and of the surrounding context (Figure 4). 
 
     
Figure 3 University of Padova Driving Simulator. 
In the following sections a description about the experiments tasks is done. 
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3.2.1. Characteristics of the sample of participants 
The sample was composed by twenty drivers, and was substantially balanced as regards gender. Drivers were 
students, staff of the University and other people having the following characteristics:  
x no previous experiences with driving simulators, 
x at least 3 years of driving experience and  
x average annual driven distance of at least 5,000 km (3,100 mi). 
A summary about test drivers’ characteristics is presented in Table 1. 
Table 1 Test drivers’ characteristics: age and driving experience. 
 Mean  Standard Deviation  Range  
Age 28.3  1.76 24-45 
Years of driving  9.2  3.15  3-20  
Km driven per year  15,100  4,420  8,000-20,000  
3.2.2. Virtual scenarios  
First, the real scenario observed at the road segment has been recreated using a three-dimension rendering 
software. 
In order to make the virtual context similar to the real one, using driving simulator software script, the on-field 
observed sequence of vehicles arrivals (loop detector data) has been reproduced at a point placed 300 meters 
upstream of the road segment start (generation point); the generation point was placed out of the view of the test 
driver. The destination point of vehicles was placed downstream of the road segment end sufficiently far away; in 
this way drivers were not able to watch vehicles at the time when they were removed from the simulation. The speed 
of the vehicles belonging to the road stream was equal to the speed recorded using loop detector. These 
configuration has been used for both the directions. The vehicles arrivals used were those recorded during the peak 
hour periods (7.00-9.00 a.m.). 
Daytime and good weather conditions, which allow good visibility, were adopted. 
3.2.3. Experiment description 
Our studies were focused on a relatively simple situation: drivers had to drive the segment adopting his/her usual 
behavior, driving at the desired speed and, if considered safe, overtaking more slowly vehicles. 
During each test the same driver approached about 10 times the road segment (10 runs) and each driver made at 
least 4 tests during the experiment: the first in the free flow regime, the second and the third in the flow rate range 
500-1,000 pce/direction/hour and the fourth in the range 1,000-1,300 pce/direction/hour. 
About 800 runs were performed during the study. 
Before starting the test, drivers were subjected to a learning task in the simulator to make them familiar with it.  
Summarizing, each experiment was divided in three phases: 
x driving task on a rural road (10 minutes training);  
x rest (5 minutes); 
x driving task consisting of driving along the road segment. 
In Figure 4 a snapshot of the drivers’ view of the road during a test is shown.  
 
 
Figure 4 Test driver during a driving simulator run.  
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3.2.4. Data collected during the experiment 
Many parameters of the driver behavior provided by the simulator were recorded, such as, global position, 
velocity, acceleration of all vehicles involved (frequency 10 Hz). 
For the purpose of this study, vehicles arrival time at the upstream, downstream and middle (loop detector) 
sections of the segment and the corresponding speeds have been computed and stored in a database for the analysis. 
3.2.5. Results 
The travel times estimated using driving simulator data have been coupled with the corresponding flow rate 
estimated with reference to 5 minutes long time sub-interval. A total of 160 five minutes long sub-interval has been 
used in the analysis. 
The available data have been represented in the plan (Q, Tt), (see Fig. 5a and Fig. 5b). 
In order to extend the data set to unobserved conditions some driving simulator tests have been performed using 
arrivals at the generation points having distributions observed in other similar cases; in these cases (extended 
simulator data) the average flow rate were over 1,000 pce/direction/hour. In the diagram of  Figure 5b the pairs (Q, 
Tt) corresponding to these situations are plotted using triangles: the data related to unobserved situations help to 
understand what happen in the range within 1,000-1,300 pce/direction/hour.  
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[a] [b] 
Figure 5 Driving simulator experiment: travel time – flow rate pairs for five-minute time interval. [a] Field vs simulator data within the range of 
the observed traffic data. [b] Field vs simulator data within and outside the range of the observed traffic data. 
4. Comparison of the results and link cost function calibration 
The comparison between field data and driving simulator data has been carried out with reference to flow rate in 
the range 500-1,000 pce/direction/hour (peak period). In addition, comparison have been done with reference to free 
flow condition. 
From the qualitative point of view, plotted points of the two datasets (the one collected on field, F, and the one 
collected from driving simulator experiments, S) seem quite overlapped (Figure 5a). 
In quantitative terms, we have analyzed the two sets F and S in order to estimate a function able to represent the 
relation Q, Ts; linear regression analysis has been done. 
The results carried out are summarized in the diagram shown in Fig. 6 and the corresponding parameters are 
reported in Tab. 2. 
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Figure 6 Relation Q, Ts. Comparison between loop detector data and simulator data estimated regression lines. 
Table 2 Regression line’s estimated parameters and statistics (the t-statistic is reported between brackets). 
 slope constant  R2 
Loop detector regression line 0.0136 (14.72) 49.778 (109.060) 0.4354 
Simulator regression line  0.0149 (11.284) 48.382 (45.036) 0.5107 
 
x As shown, the obtained regression lines appear to fit quite well the corresponding two samples of data. Moreover, 
considering the comparison, the two regression lines seem quite close: the parameters are, in fact, similar. In this 
sense the percentage error between the two regression lines has been computed with reference to discrete values 
of flow rate. The percentage error of the average travel time is at maximum 2.8% considering the range 500-
1,000 pce/direction/hour and free-flow conditions. 
This result confirm the hypothesis that driving simulator experiment can give suitable data for analyzing driving 
behavior in traffic stationary flow conditions. 
In order to improve the linear model representing the relation Q, Ts and to verify if the more popular link cost 
(time) functions are suitable to well represent the analyzed case study, in the next section the results of the 
calibration process of a BPR link cost function is presented.  
4.1. Modeling the relation between space-mean-speed and traffic flow 
As known, travel time on a link depends on the traffic volume on that link.  The more popular link travel time 
function is  the so called BPR, that is the one adopted by the U.S. Bureau of Public Roads (BPR,1964). It is strictly 
monotonic increasing and strictly convex.  
The BPR travel time function is: 
0 1 a
a
f
t t
c
E
D§ ·§ ·¨ ¸  ¨ ¸¨ ¸© ¹© ¹
    (1)
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where, 
x t0 : free-flow travel time  
x fa : traffic flow on link a 
x ca : link a capacity.  
The model parameter D and E are usually chosen as D=0.15 and E=4.  
In our work the parameters of the BPR function with reference to both field and simulator data set were 
estimated;  the aim of the analysis was to verify if the driving simulator experiment can be considered useful to carry 
out data to use in link cost function estimation. In this sense it appears significant to point out as the driving 
simulator experiment can be useful to describe driving behavior in flow regimes, often not directly observable in the 
field, such as meta-stable or instable conditions. 
The curves carried out by the estimation process are shown in the following figure and the corresponding 
parameters are reported in Tab. 3. 
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Figure 7 Relation Q, Ts. Comparison between loop detector data and simulator data estimated BPR link cost functions. 
Table 3 BPR’s estimated parameters and statistics (the t-statistic is reported between brackets). 
 D E R2 
Loop detector BPR 0.373 (8.48) 1.548 (8.02)  0.431 
Simulator BPR  0.290 (10.00)  1.201 (4.07)  0.470  
 
As stated before for the regression lines, the calibrated  BPR functions are quite similar. The obtained functions 
fit well the corresponding two samples of data. Considering the comparison, the two BPR functions seem quite 
close. In this sense the percentage error between the two curves has been computed with reference to discrete values 
of flow rate. The percentage error of the average travel time is at maximum 6.0% over the range 0-1,250 
pce/direction/hour; this error relates to maximum observed flow rate where experimental points are not so 
numerous. 
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5. Concluding remarks 
The main goal of this work was to collect data useful for link travel time functions calibration using a driving 
simulator experiment. The sub-goal were: 
x to test the driving simulator ability to well represent a real situation (through a comparison between observed and 
simulated travel times); 
x to analyze, using driving simulator, the effects of some not easily detectable traffic operational conditions, on link 
travel times. 
The results of the work are encouraging: 
x from the qualitative point of view, plotted points of the two datasets (the one collected on field, F, and the one 
collected from driving simulator experiments, S) seem quite overlapped, and the data related to unobserved 
situations, in the meta-stable regime (1,000-1,300 pce/direction/hour), help to understand what happen in that 
regime. The obtained regression lines appear to fit quite well the corresponding two samples of data (F and S). 
Moreover, considering the comparison, the regression lines seem quite close: the percentage error of the average 
travel time is at maximum 2.8% considering the range 500-1,000 pce/direction/hour and free-flow conditions; 
x the parameters of the BPR function with reference to both field and simulator data set were estimated;  the aim of 
the analysis was to verify if the driving simulator experiment can be considered useful to carry out data to use in 
link cost function estimation. The obtained functions fit well the corresponding two samples of data. Considering 
the comparison, the two BPR functions seem quite close: the percentage error of the average travel time is at 
maximum 6.0% over the range 0-1,300 pce/direction/hour; this error relates to maximum observed flow rate 
where experimental points are not so numerous. 
Nevertheless, it appears necessary to extend the research considering the following directions: 
x enhancement of the virtual scenarios in order to improve the realism of the drivers’ behavior; 
x extension of the analysis to flow rate between 0 and 500 pce/direction/hour (off-peak periods) in order to verify 
driving simulator capability to represent traffic operations over the whole dominion of the observed flow rate; 
x extension of the sample: size and stratification (in order to better represent the real population of drivers) 
x extension of the analysis to other road segments and to the all traffic flow regimes (including the estimation of 
free flow speed and capacity). 
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